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SYNTHESIS EVALUATION OF NEW HIGH PERFORMANCE POLYMER SYSTEMS
INVOLVING TETRACHLOROHYDROQUINONE
JASON A. GILES
UNIVERSITY OF MISSOURI-ROLLA CHEMISTRY DEPARTMENT
ABSTRACT:
New high performance transparent polymers are in demand in the aerospace and automotive
industries to replace current glass and composite systems. Tetrachlorohydroquinone (TC H Q ) was
used as the base monomer for various copolymer formulations. Different acid chloride monomers
lead to polyester formation with TCHQ. Polycarbonates were formed with triphosgene and diethyl
carbonate. This base monomer added rigidity, transparency, and high temperature resistance,
however, resulting polymers were brittle and difficult to process. Polymers were characterized
by IR and DSC.
IN TR O D U C T IO N
During the year of 1992 a joint DARPA project (1) between the Materials Research Center and
the Polymer and Coating Chemistry department of the University of Missouri- Rolla produced
interesting results. T h e project goal was to develop transparent glass/plastic composites with
unique, high performance characteristics for application as a glass replacement material in
supersonic transport and fighter plane canopies and windows. Characteristics of the polymer
consisted of optical transparency as well as specific infrared wavelength transmittance. The
composite was required to have a working temperature range above 250° C while maintaining
desired strength factors.
The Opportunities for Undergraduate Research Experience program provided an excellent chance
for an investigation to develop a new high performance transparent polymer which could be used
in a similar composite system. Using the basic concept of aromatic polymer chains giving better
thermal properties combined with the idea that halogenated polymers are generally transparent,
thermally stable, and chemically resistant provides a specific path for the research. By focusing
on a starting monomer and performing standard polymer chemistry polymerization techniques with
that monomer the qualitative results indicate the development of new polymers. These polymers
achieved the project goals of high temperature stability, transparency, and chemical resistance.
As always an undertaking like this takes many hours and the potential of this project has yet to
be exhausted.
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A. Details of a High Performance, Transparent Polymer (2,3)
Polymers have the unique ability to be hard or glassy at room temperature but upon heating
will soften and eventually flow. That property is termed the glass transition temperature,Tg,
which is defined as the temperature or narrow range of temperatures below which an
amorphous polymer is in a glassy state, and above which it is rubbery. Such a property is
considered a second-order transition (2).
The Tm is the first-order transition and is
characterized as the "melt point" or flow temperature. These characteristics are attributed to
long chains, measured as molecular weight (grams/mole), ranging from 10,000 to 10 million.
With such high molecular weights the long chains interact with each other to varying degrees
of random entanglement and crystalline structure, respectfully named amorphous or semi
crystalline states. Amorphous polymers are transparent while semi-crystalline polymers are
opaque.
Increasing transparency involves reducing the crystalline structures in the polymer. This is
done using a non-regular chain structure which does not permit chain packing. However, lack
of crystallinity weakens the polymer and must be compensated by increasing the strength of
the actual chain. Stiff aromatic rings provide the necessary strength compensation as well as
contributing better thermal resistance.
Considering these facts, the starting point of the project is the base monomer selection of
tetrachlorohydroquinone (TCHQ).
This chlorinated aromatic monomer should give high
temperature resistance, transparency and perhaps even flame resistance. Two types of
polymerization techniques were used to form different linkages with the second monomer and
are listed in Table 1.
Table 1
Type 1
Polymer

Ester
Linkage

Monomer 1

Monomer 2

1-1

yes

TCHQ

Succinyl
Chloride

1-2

yes

TCHQ

Adipyl
Chloride

1-3

yes

TCHQ

Camphoryl
Chloride

Type 2
Polymer

Carbonate
Linkage

2-1

yes

TCHQ

Tri
phosgene

2-2

maybe

TCHQ

Diethyl
carbonate
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EXPERIMENTAL
A. Type 1 Polymer Experimental
The following procedure description is analogous to all of the type 1 polymers. The molar
ratios of the monomers is kept near 1:1. This close ratio is to ensure high molecular weight
and good conversion.
.3560
.2250
.2350
15-20

g of TCHQ (.3560/247.89= 001435 mol)
g of succinyl chloride (.2250/154.98=001458 mol)
ml of pyridine (.2350*1.050/84.14=002932 mol)
ml of either methylene chloride or toluene

The TCHQ, pyridine, and solvent are added to a three neck reactor.
A rubber septum is
placed in the center neck with the nitrogen flowing through the other necks to keep the system
oxygen free. The reactor is lowered into an ice bath for temperature control. A magnetic stirbar keeps the solution well mixed. The weighed acid chloride is drawn up into a syringe and
injected through the rubber septum. After injection, the reaction proceeds for 10-20 minutes.
The reaction is complete when polymer granules are suspended in the clear solvent.
Acetone and water are used to rinse and collect the granule polymer in a Hirsh funnel. The
collected polymer is dried on a watch glass in an oven at 120° C for one hour. The polymer
is then transferred to a vial for storage.
The other type 1 polymers are made in the same fashion except substituting the different acid
chloride.
B. Type 2 Polymers Experimental
The following procedure is analogous to the type 2 polymers.
.5178 g of TCHQ (.5178/247.98= 002088 mol)
.1900 g of triphosgene (.1900/298.50=.0006365 mol)
.28 ml of triethyl am ine(.28*.726/101.9=.001995 mol)
25 ml of trichlorobenzene
50 ml of water
The glassware setup is identical to the type 1 polymerizations, with the exception of the ice
bath. The system is purged with nitrogen as before. The solution of TCHQ and triphosgene
dissolved in trichlorobenzene solvent is added. The water is added as the second phase above
the organic layer. The reactants are stirred quickly with a magnetic stir-bar, as the temperature
is kept at ambient conditions. The triethyl amine is added via syringe through the rubber
septum.
After an 8 hour reaction time, 200 ml of distilled water are added, precipitating the polymer.
The solution is filtered in a Hirsh funnel and collected polymer dried in a 120° C oven for one
day.
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DISC USSIO N OF REACTIONS
A. Type 1 Polymers (2, 3, 4)
All of the acid chlorides were purified by distillation under vacuum. The TCHQ and toluene
were used as received from Eastman Chemical. The pyridine was dried using a standard KOH
reflux/distillation procedure and stored over molecular sieves.
The toluene and pyridine together dissolved the TC H Q . The pyridine is used in the reaction
as an acid scavenger and catalyst, but before the reaction starts it dissociate the hydrogen from
the slightly acidic -O H functionality of the TCHQ. As the acid chloride is injected to the system
the pyridine abandons the solubilized hydrogen from the TC HQ to liberate the condensation
product, HCI. Now the nucleophile, TC H Q ’, can attack the waiting monomer by an S N2 reaction
to form the polyester functionality and the chain grows as the reaction ensues. Figure 1 and
2 show the reaction for 1-1 and 1-2 polymers.

Figures 1 and 2
At first, the acid chloride monomer was added drop by drop and later just added in whole but
this addition rate m ade little difference in the quality of product. The end point of the reaction
was denoted by the suspension of polymer granules in the final clear, yellow tinted solution of
solvent. The pH of the solvent was found to be highly acidic, also indicating the correct
reaction occurred. Finally, the acetone rinse was 5-10% water which terminates the reaction.
The first attempts at this polymerization involved silver nitrate which was used to push the
equilibrium to completeness by the formation of the precipitate silver chloride. Unfortunately,
this salt becam e trapped in the polymer matrix and colored the sample a dark gray. Once this
additive was removed from the reaction the resulting polymer was a white powder. The silver
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nitrate was not used for any of the characterized polymers.
Solubility of all the type 1 polymers was basically the same, insoluble. A number of solvents
were tried, each at room temperature and at the boiling temperature. Using the solubility
guideline of "like dissolves like", good solvents for this polymer should be some of the usual
polyester solvents which include polar groups. Unfortunately, nonsolvents include: water,
acetone, various alcohols, N,N dimethyl pyrolidone (NMP), ortho-chlorophenol, ethyl ether,
toluene, hexane, chloroform, methylene chloride, DMSO, and acetic acid. Toluene did the best
job as it dissolved some of the lower molecular weight polymer but even this would not form
a film upon evaporation. The fact that it is not even swollen by any solvent leads to the
conclusion of a high degree of crosslinking, or chain to chain interaction. The chlorines
attached to the benzene ring are deactivating but still must have enough electronegativity to
interact with the polyester groups which would impart a dipole-dipole type of crosslinking
Since an acceptable solvent was not found, characterization was difficult. Techniques like
NMR, which would help define the structure, are not possible.
GPC (gel permeation
chromatography) could not be used to give the molecular weight of the polymer.
The camphoryl monomer, for the type 1-3 polymer, was not readily available. Its synthesis was
attempted by reacting thionyl chloride (SOCI2) with camphoric acid under reduced pressure and
heat, the monomer formed in low concentration. The separation of the monomer from the
thionyl chloride was not satisfactory, resulting in polymer 1-3 being very dark and
uncharacterizable. Figure 3 shows the possible reaction.

Figure 3
B. Type 2 polymer (3, 5, 6)
The reaction for the type 2 polymers is called interfacial polymerization. This polymerization
technique uses two separate phases of solvents, each one containing different components of
the reaction. Stirring the mixture causes the surface area of the interphase to increase. This
interface is where the polymerization occurs because the reactants are close enough to react,
so the higher the surface area the faster the reaction rate. Also this type of polymerization can
produce very high molecular weights because the viscosity and thermal exchange are good,
the drawback is long reaction times (~8 hours).
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In this system, the lower layer of trichlorobenzene contained the TCHQ and triphosgene. The
initiator, triethyl amine, was added via syringe to the upper aqueous layer. As the mixture was
stirred, the evolution of gaseous HCI indicated the reaction was working as shown in Figure 4.

Phosgene has been a standard reactant in the formation of many commercial polycarbonates
but is not widely used today because it is very toxic. Triphosgene, however, is a stable solid
of phosgene that does not have the dangers of its gaseous counterpart. The triphosgene
chemistry is not very well understood partly because it is relatively new product. But a possible
schematic for its reaction is demonstrated in Figure 5. Once attacked by the triethyl amine, a
w eak base, the chemical produces phosgene into the solution because the amine breaks the
triphosgene into the three phosgene molecules which are attacked by the TCHQ nucleophile
to release HCI as the by-product. The interesting thing about this reaction is that once the
phosgene reacts it forms an ester group with the TC H Q and another TCHQ is needed to react
on the other side of the carbonyl replacing the chlorine and forming a carbonate linkage.
The polycarbonate linkage usually makes an optically clear polymer because the C -O -C ether
linkages are very strong but allow rotation about the bond, resulting in a strong, clear
amorphous polymer The type 2-1 polymer was clear but had a brown tint. The tint is thought
to be an impurity, and recrystallization attempts have so far failed at removing the colorant. At
room temperature the polymer is very brittle but softens easily upon heating. The type 2-1
polymer is soluble in common polar organic solvents like acetone, ethyl and methyl alcohols
and THF. Fortunately it is insoluble in water.
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RESULTS:
A. Type 1 Polymers (4)
The type 1-1 and 1-2 polymers were characterized by a Fourier Transform Infrared
Spectrophotometer. A potassium bromide pellet was made by crushing the salt with a small
amount of polymer. The spectra are shown in Figures 5 and 6. The spectra of each polymer
gives indication of no aromatic hydrogens but does indicate a small -OH vibration in the 36003300 cm'1 range, this is possibly from TC H Q ’s phenol vibration as an end group. The carbonyl
peaks characteristic of ester linkages are very strong at 1780 cm'1 for the C = 0 and 1100 cm'1
for the C-O-C bond. These resonance frequencies are higher than normal aliphatic ester
vibrations because of the electron withdrawing aromatic attached to the ester oxygen. Carbonhydrogen bonds are apparent, but impossible to determine how many C-H bonds are present
between the two samples. So the difference between the 1-1 and 1-2 polymer spectra is
minimal except in the trailing fingerprint below 750 cm'1.
Figure numbers 7 and 8 for the 1-1 and 1-2 polymers, respectively, are the differential scanning
calorimeter (DSC) results. The temperature range over which the sample was subjected did
not show a Tg but did show a decomposition temperature. The decomposition for 1-1 is 380°
C and 1-2 is 371° C. This decomposition temperature is characteristic of a crosslinked polymer,
similar thermoset polymers do not have Tg or Tm because the covalently bonded crosslinks.
It is speculated that type 1-1 and 1-2 polymers have strong chain to chain interaction between
the ester and aromatic chlorines.
The Tg could be below the initial temperature, 40° C, of the DSC scans. However, if that were
the case the Tm would be observed. After the temperature application, the sample was
investigated to reveal a black crunchy residue confirming decomposition.
B. Type 2 Polymer (4)
The type 2 polymer was also investigated with a Fourier Transform Infrared Spectrophotometer.
A small sample was dissolved in acetone and formed a film on an IR transparent NaCI plate.
Figure 9 is the IR spectra of the sample. Peaks were indicative of a carbonate functionality,
with the carbonyl peak at the proper 1800-1750 cm'1 range. The aromatic ether groups of the
carbonate linkage is apparent as the broad peak covering the range of 1300-1100 cm'1.
Unfortunately, the film must have had some of the dissolving solvent, acetone and ethanol,
trapped in it because of the C-H resonance at the characteristic 2990 cm '1 mark. The acetone
would also show up in the carbonyl peak along with the carbonate linkage, explaining the large
size of that absorption. Heating the salt plate under vacuum would remove the leftover acetone
and its effects.
The DSC scan of the polymer, Figure 10, indicates a tentative Tg of 42° C.
This is
uncharacteristically low for an aromatic polycarbonate. One possible explanation is the solvent
that was found by the IR, is still present, lowering the Tg. Also if the sample had a low
molecular weight the Tg would lower. The solvent was thought to be removed by heating the
sample to 140° C for 1 hour on a watchglass, in which the polymer had bubbles on the surface,
indicating the evaporating solvents, and that it was past the Tg temperature.
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Figure 5

Figure 7
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Figure 6

Figure 8
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Figure 9

Figure 10
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The DSC graph shows a possible Tm at 280° C, but at this point the sample is either degrading
or the baseline is shifting due to poor calibration of the instrument at higher temperatures.
Consequently, the transitions reported are skeptical at best.
Since the type 2 polymer did not have solubility problems like the type 1’s, NMR and G PC
studies are currently under investigation.
DISCUSSION OF FUTURE WORK:
As with most aromatic containing polymers, especially halogenated ones, one major concern
is brittleness. To compensate for this problem the co-monomer is usually a "plasticizer", a
chemical that adds flexibility and solubility to the polymer. In type 1 polymers, the attempt to
add flexibility is the chain length separating the stiff aromatic ring. Type 1-1 has a very short
chain between the rings, four carbons, and consequently is very stiff and difficult to dissolve.
Although the 1-2 polymer has a lengthened plasticizer, 6 carbons, there was no noticeable
effect. Type 1-3 used the camphoric acid monomer derivative which should have imparted a
three-dimensional character. Which in theory would have reduced chain-to-chain interaction
and given low Tg, soluble polymer. However, monomer impurities did not permit the reaction
to correctly proceed. Consequently, a longer chain separating the aromatics or some type of
functionality on the plasticizer is needed. Currently proposed monomers are 12-18 carbon
chain acid chlorides.
The type 2 polymer is still under structural investigation by NMR and G PC. This polymer
exhibited good characteristics in temperature resistance, transparency, and chemical
resistance.
Other studies on this system appear promising. Diethyl carbonate is being investigated as a
potential substitute for the more dangerous triphosgene, but the few attempts at its
incorporation have not proved fruitful. Further investigation is necessary before it can be ruled
out.
CONCLUSION:
Using the base monomer of tetrachlorohydroquinone (TCHQ), chosen on the basis of basic
polymer principals, three different polymers were developed. Each of these polymers achieved
different aspects of the desired goal of a new high temperature, transparent, chemically
resistant polymer.
Characterization of the type 1 polymers indicated the correct functional linkage of a polyester.
The temperature resistance of these polyesters is uncharacteristically high with the 1-1 and 1-2
polymers possessing excellent temperature resistance in excess of 350° C. The type 1
polymers are so chemically resistant, processing them into transparent films is difficult.
The major success of the project was the synthesis of polymer 2-1.
Using interfacial
polymerization techniques, an aromatic polycarbonate was formed from the monomers of
triphosgene and TCHQ. The polymer is transparent with the exception of removable impurities.
It has a good Tg and withstood up to 300° C of heat. The 2-1 polymer also demonstrates good
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chemical resistance.
This project is considered a success because the developed polymers show the attainment of
the desired goals. The TC H Q polycarbonate shows excellent characteristics of a polymer that
very well could be a commercially important polymer. The reaction’s fast rate and room
temperature reaction also make the system industrially viable. Currently, this polymer could
be used as a composite substrate. With further investigation, this polymer system could be
adapted for application in windshields and high speed air transports.
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